
Improving Technology DevelopmentImproving Technology Development
Through SystemsThrough Systems Integration and

Math-based Tools

Terry Penney
FreedomCAR & Advanced Vehicles

Technology Manager

National Renewable Energy Laboratory

Workshop on Systems Driven Approach for Inverter R&DWorkshop on Systems Driven Approach for Inverter R&D

March 23, 2003March 23, 2003
Operated for the U.S. Department of Energy by Midwest Research Institute • Battelle • Bechtel



Systems Modeling Approach



Approach to Vehicle Systems Analysis

• Map models to end goals



Vehicle Systems Analysis

Energy Security:  Reduce Vehicle Oil Use

ADVISOR

Fuel Economy

Electric Modeling

Packaging

National Fuel Use

Thermal Modeling

Market
Penetration



Vehicle Issues and Modeling Solutions

Issues
• Efficiency
• Cost
• Performance
• Thermal

Management
• Packaging
• Safety
• Voltage regulation 
• Emissions
• Configuration

ADVISOR



Inverter Issues and Modeling Solutions

Issues
• Reliability
• Efficiency
• Cost
• Power quality
• Modularity
• Thermal management
• Packaging
• Safety
• Voltage regulation
• Equipment protection
• Islanding

Electric Power 
Modeling

Continuous Fluid 
Dynamics (CFD)

Finite Element 
Analysis (FEA)

Solid Modeling



What is a Automotive OEM company?

OEM
System Integration
- GM
- VW
- Toyota

1st Tier Supplier
System House
- Powertrain (ZF, GM Powertrain)
- Power Supply (Robert Bosch)
- Break (Conti Teves)

2nd Tier Supplier
Component
- Sensor (Delphi)
- Generator (Bosch)
- CAN (Infineon) Electrical

System
Powertrain

Engine Chassis
Body

Infotainment



Model Exchange

OEM
• Creates specification for parts and 
models
• Requests models from suppliers
• Collects models and integrates
them to a subsystem

1st Tier Supplier
• receives specification from OEM
• testing of subsystem in OEM 
Specification (model spec)
• Requests models for 2nd T

2nd Tier Supplier
• develops components
and sends them to 1st T

Require models 
from SupplierSend Model

Electrical
System

Powertrain
Engine Chassis

Body
Infotainment



Full Design Process Coverage

Years
0 1 2 3

Subsystems
Mixed-Technology Components

Harness

Research Product Def. Development

Topologies

Production Prepa.

4
SOP

System Integration
Virtual Integration

HIL Integration



Common Design Cycle

Idea

Specification

SIL

Subsystem

SW

HIL

HW

RP

Virtual

Real

System

SW HW

In many cases 
companies can 
validate the system 
performance only 
very late in one cycle



Which Language to speak ?

1997

1990

1985

1997

1975

Spectre
Accusim

MHDL

VHDL-AMS

MAST

FAS

VHDL 92

VHDL 87

Spice

ASTAP

Control C

Matlab

CSSL

Easy 5

CSMP ACSL Easy 1

MatrixX

Tesla DASIP

Microwave, Analog Control Systems Sampled Data Systems Digital Systems



Language Independence

Dynamic
Frequency dependent

Static
Lock-up table

State
Mixed-Signal
State Charts

MAST VHDL-AMS Other HDLs Archive

ModelArchitect

• Physical/mathe-
matical equations
• Language
neutral

• HDL
• Language
dependent



Possible Interfaces



Approach to Vehicle Systems Analysis

• Link appropriate tools

ADVISOR:  Powertrain

Saber:  Electrical
Optimize



Linking ADVISOR to Saber

ADVISOR Model

Link to 
Saber

Saber Model
• ADVISOR:  Power train
• Saber:  Electrical ModelingInverter



SaberDesigner

Scope
Waveform Viewer

MOTOR

BRAKE

SENSOR

WHEEL

VALVE_IN

VALVE_OUT

ACCUMULATOR

PUMP

PEDAL

1

JL040

PWL
PW L

4m

1

Saber
SaberHDL
Equation Solver

Sketch
Or Mentor, Cadence
Schematic Entry

step9
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Electronic
Digital

Electrical
Magnetic

Mechanical
Thermal

Hydraulic
Control

Pneumatic
Optical Symbol

Placement

Physical
Equation

Physical
Units

Parts Library
30000

A * x2 + B * x + C = 0
MAST, VHDL-AMS,
C, HSPICE



SaberHarness
•Integrated wire 
harness design 
environment

•Concurrent design, 
database integrity, 
design rules checks

•Links to 3D CAD

•Generated
drawings from 
database

•Standard format 
manufacturing
outputs



Model Abstraction Level

• Depending on task different abstraction levels necessary

Abstraction
Level

Behaviour
(functional)

Level

Physical
Level

Accuracy
Simulation

Speed
Modeling

Effort
Effects

none

low

high

high

low

low

high

dyn. thermal,
ripples,

spikes,...



Simulation and Measured Data Compared

Measured
data shown 
in Red and 
Simulation
data shown 

in Blue



ADVISOR’s Dynamic Comparison of Simulations



What do we Mean by:

Integration of Math-based Tools

• Integration of the latest Computer Aided Engineering 
tools with advanced design techniques to solve key 
technical barriers and to accelerate the development 
process.  We work closely with industry to identify 
technical challenges and provide innovative solutions.



Integration of Math-based Tools

• Sampling from the NREL Tool Kit:
– TRIZ & Topology Optimization for conceptual design
– Parametric Behavioral Modeling CAD (not dimension but attribute driven 

design)
– Finite Element Modeling (implicit, explicit, VPG)
– Multi-physics applications (structural/thermal, fluid/thermal, 

electromagnetics,etc)
– Optimization integrated with CAD & FEA
– Design for 6-sigma using CAE (DFSS)
– Probabilistic Design Methods (engineering quality into designs)
– Experimental Design Techniques
– Integration with Vehicle Systems Analysis tools
– Engineering Resources and Computational Power Available at National 

Labs



More Examples to Get You Thinking

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



Recent Applications for Integrating Math-based Tools 
Petroleum Consumption, Technical Hurdles, Transfer to Industry













Behavioral Modeling for 
Power Electronics Cooling

Design for Six-sigma 
Techniques for 
Battery Thermal 
Management

Robust Designs of
Fuel Cell Components
-Thermal analysis
-Structural analysis
-Topology optimization
- High temperature stack



Robust Optimization
light weight designs with 6 quality
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Robust Optimization reusable workflow template
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Daimler Chrysler
SAE  Powertrain Conference
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American Society of Quality

Plug Power
ASME / RIT Fuel Cell Conference



Transferring the Tools to Industry



Press & Analyst Community
"Engineering Quality into 
Digital Functional Vehicles,"
IDPS2002, 2002 June 2002

"Mixing CAD with simulation 
gives designers new power" 
September 2002 Machine 
Design Magazine

"The Probability of Optimum 
Design" October 2002 
Desktop Engineering 
Magazine

"The Probability of Quality" 
March 2003 Desktop 
Engineering Magazine

September 2002



Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



FORD Think Mobility Design Optimization

Crash Simulation

Time to Market

Topology Optimization

Space Claim 
Envelope
Suspension
Optimization



Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 







Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



Power Electronics Cooling with Behavioral Modeling
Enabling Critical Technologies

Multi-Physics Modeling
conjugate solutions of thermal, 

structural,
fluid-flow,

electromechanical problems



Power Electronics Cooling with Behavioral Modeling
Project Goal :

Develop a heat exchanger design to efficiently remove heat 
from  AIPM and reject it into the vehicles coolant loop with 
uniform cooling, minimum cost, volume and pressure drop.

Objective:
Identify which cooling concept the NREL team should pursue 
further:

1. Pin-Finned Design

2. “Cook-top” serpentine flow field

3. “Fish bone” fins

4. Carbon Foam

5. Aluminum Extrusion with Expanded Metal Turbulator



Conjugate Solution of CFD and Heat Transfer



Parametric Modeling  - Rapid Investigation of Design Space

Max Temperature vs. Pressure Drop
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Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



Inputs with Variation

• Gap Thickness
• Cell Resistance
• Flow Rate
• Six input parameters:

1. tgap
2. tgap
3. R
4. R
5. Frate
6. Frate



Outputs

• SMART Attributes 
– Simple
– Measurable
– Agree to
– Reasonable
– Time-based

• Outputs – variation
– max temperature
– differential temperature
– pressure drop

• Six input parameters:
– Tmax, dT, dP
– Tmax, dT, dP



Sensitivity Analysis

• Sensitivity of the design 
variables on the response 
attributes
– The flow rate has the most 

impact on the maximum 
temperature

– All three input design variables 
have about equal effect on the 
temperature differential

– The internal battery resistance 
has no effect on the pressure 
drop.



Design Space with Quality Regions Tmax



Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



• Improving the loads prediction capability using an 
accurate tire model would assist in minimizing vehicle 
weight while creating durable vehicle structure

Design of Experiments Techniques 
for Road Load Reduction

NREL Parametric
Tire Data

(Geometric, Material,
Loading, Modeling) Parametric Solid Model

FEA Model

Execution at ORNL
SupercomputerFEA Results

DOE

Optimization
Enrich -

Data Base

3600 CPU hours



Tire Geometry Morphing



Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter



Catalytic Converter Section

• max
min



Catalytic Converter Failure Avoidance Study

• If = max- min, allowable exhibits a given 
variation identify the supplier 
specification (maximum standard 
deviation of ) in order to achieve six-
sigma quality



Applications

– Overall Integrated Design Process
– FORD Think Mobility Design Optimization
– Robust Design of Fuel Cell Stack
– Power Electronics Cooling with Behavioral Modeling
– Design For Six-sigma in Battery Thermal 

Management
– Design of Experiments Techniques 

for Road Load Reduction
– Catalytic Converter 



Inverters
How can you use 

these techniques in 
your program ?


